During 1969 anomalies in magnetic variation fields were recorded by an array of 46 three-component magnetometers located between latitudes 44" and 51" N and longitudes 100" and 121" W. The paper is concerned with quantitative inversion of the magnetic field anomalies to conductive structures. Methods of inversion are considered, both for normal or regional magnetic fields in regions where the conductive structures approximate a set of layers, and for areas of local anomaly where steps, ridges or linear conductors are appropriate models. The largest known anomaly in geomagnetic variation fields, discovered in the 1969 array study and reported in an earlier paper, is related to a crustal conductor which strikes northward from the eastern edge of the Black Hills along the border between Montana and the Dakotas. Its properties, and in particular its period-dependence, cannot be fitted by direct induction by a uniform horizontal field in a two-dimensional structure, and it is believed that the anomaly is associated with a narrow, highly-conductive body which concentrates current induced in a large three-dimensional region of the upper crust. In the western part of the array the principal feature in the variation fields is a general reduction in vertical field amplitude west of the east front of the Northern Rockies, with small local anomalies superposed at the front range and just west of the Rocky Mountain Trench. Ratios of vertical to horizontal normal fields can be interpreted in terms of an upper-mantle conductor at depths 350km under the Great Plains and 170 km under the western region. The local anomalies can be accounted for by induction in two-dimensional ridges on a conducting half-space, but require the depth to the conductor to be about 120 km under the plains and 60 km under the western region. The normal field ratios can be modelled by an upper mantle conductor at these depths, but only by assuming a scale-length for the inducing field rather smaller than the estimates made from our maps. Alternatively the upper mantle may be at the greater depths quoted, and the local anomalies due to crustal conductors. In either case the principal effect, the westward attenuation of the vertical fields, is well accounted for in terms of westward rise in the conductive upper mantle. A crustal model proposed by Caner and others does not fit our data.
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Introduction
During the summer of 1969 an array of 46 magnetometers was used to record magnetic storm and substorm fields in the north-westem United States and southwestern Canada. In an earlier paper (Camfield, Gough & Porath 1971) magnetograms and maps of spectral amplitudes and phases were used to describe several magnetic variation anomalies within the array; these anomalies were ascribed to lateral changes in the electrical conductivity in the crust and upper mantle. The present paper is concerned with quantitative models of the conductive structures. Reference should be made to the earlier paper, specially to the maps of spectral amplitudes and phases (Camfield et aZ. 1971 , Figs 6-1 1) . For convenience a typical set of maps is reproduced here as Fig. 1 .
The largest anomaly in the region appears prominently in maps of the amplitude of the eastward horizontal field component Y and of amplitude and phase of the vertical component 2 of the variation fields. A narrow anomalous current system, located under the Y maximum, extends northward from the eastern edge of the Black Hills, along the Montana-Dakota border to the Williston Basin. The amplitude of this anomaly is considerably larger than that of any other magnetic variation anomaly reported in the literature. The Y field at the maximum of the anomaly is more than twice as large as the normal Y field far from it. Because of the small halfwidth and large intensity of the anomaly, Camfield et al. (1971) attributed it to concentration, by a narrow body of high conductivity, of currents induced in a large volume of the conductive part of the upper crust.
In the western part of the array the principal lateral change in the variation fields is a general attenuation of the vertical component 2, in the region west of the front range of the Northern Rockies. This attenuation is a feature of the normal 2 field, defined as the vector sum of the 2 field of external currents and that of internal currents induced in the conductive Earth far from any edges or other lateral structures. Camfield et al. (1971) related the westward attenuation of normal 2 fields to a generally reduced depth of the conductive mantle in the western part of the array. Anomalous 2 fields are found near local currents associated with lateral changes in conductivity; as functions of time they commonly resemble the horizontal field component transverse to the local conductor or edge. Small anomalous 2 fields, in this sense, appear to be related to local currents under the front range of the Northern Rockies and just west of the Rocky Mountain Trench. No doubt because the westward attenuation of the normal 2 field is large compared with the local anomalies in 2, Caner and his collaborators have based their studies of the region on amplitude changes of the normal vertical field (Caner, Cannon &'Livingtone 1967; Caner 1970) .
Earlier array studies by the University of Alberta and the University of Texas at Dallas were located in the western United States south of 43 ON. Here, the external 2 field is smaller and more uniform that it is near the auroral currents; and large lateral changes in the upper mantle conductivity are associated with the boundaries between the Great Plains, Southern Rockies, Colorado Plateau and Basin-and-Range tectonic provinces. Thus anomalous variation fields dominate the region south of 43"N (Porath, Oldenburg & Gough 1970; , whereas normal fields dominate the present array except near the Central Plains anomaly.
Methods of inversion
Where the structure of a region approximates a series of layers with conductivity a function of depth alone, a time-varying field of external origin induces internal currents whose field opposes the external 2 component but increases the external horizontal components. The amplitude and phase of the internal fields depend on the period of the incident field, on the distribution of conductivity in depth, and on the scale length of the source field. Hence, in general, lower values of the ratio Z / J ( X 2 + Y ' ) may indicate higher conductivities at smaller depths. Provided the scale length of the source field can be estimated, plane layered models can be used to fit computed to observed Z/J(X' + Y 2 ) as function of period (Rikitake 1966, p. 149; Schmucker 1970) .
Anomalous vertical and horizontal fields appear close to current concentrations associated with lateral variations of conductivity. Madden & Swift (1969) have given a numerical method for calculating the anomalous fields produced by induction in two-dimensional conductive models by uniform horizontal inducing fields. Computed fields of such models can be fitted in amplitude and phase to observed anomalous variation fields, provided the normal variation field is approximately horizontal and uniform, and the conductive structure approximately two-dimensional.
The highly-resistive lower crust prevents significant leakage between currents induced in the oceans and continental upper crust, and those induced in the conductive mantle. Hence anomalies associated with lateral changes in conductivity of the upper mantle arise only from perturbations of currents induced electromagnetically in the upper mantle. The two-dimensional modelling technique of Madden & Swift (1969) , applied to steps and ridges on the surface of an extensive conductor, has proved successful in fitting observed anomalous fields related to elongated conductive structures in the upper mantle . A numerical method of modelling induction anomalies in such structures, recently given by Jones (1971) , has important advantages over earlier techniques.
An anomaly associated with a crustal conductor is usually not produced by direct induction in the conductor. At the variation periods used in geomagnetic deep sounding, induction in a sedimentary basin or similar body is generally negligible. Anomalous variation fields occur close to crustal conductors which concentrate and channel current induced over a large area of the crust (Dyck & Garland 1969; Porath & Dziewonski 1971, in preparation) . Such variation anomalies cannot be approximated by direct induction in two-dimensional models. Jones &Price (1970 , 1971a approach the interpretation of magnetic variation anomalies by considering the perturbation of current distributions by two-dimensional conductive structures. The currents may arise by induction in unspecified distant regions. It is possible that this approach may lead to quantitative interpretation, in terms of conductive structures, of anomalies associated with current concentration, provided that the conductors near the anomaly are approximately two-dimensional. This possibility is not explored in the present paper.
North American Central Plains anomaly
The small half-width of this anomaly locates the currents in the crust. At periods close to 50 min the Y field at the maximum of the anomaly is more than twice that at a distance. Since induction in a half-space of infinite conductivity doubles the tangential component of an incident field, it is immediately obvious that the anomaly cannot be attributed to local induction in a conductor of any shape or conductance, but requires concentration of currents induced in a large volume of crustal rocks.
The southern line of magnetometers, across the Black Hills, gave the best coverage of the anomaly. Amplitudes of the vertical and eastward horizontal fields at stations on this line have been normalized with respect to a normal eastward horizontal field taken as the mean of the amplitudes at stations HYA and DRA. Phase differences between normal and anomalous fields are neglected, as it is evident from the magnetograms (Camfield et ul. 1971) , and from the phase angles of the Fourier transforms, that the 2 component was always closely in phase with Y on one side of the anomaly and in antiphase on the other.
Normalized anomalous field amplitudes at various periods, from magnetic disturbances on 1969 August 10 and August 20, are shown in Fig. 2 . For both magnetic events the anomalies depend strongly on period, with maximum anomalous fields at periods close to 50 min. The centre of the current system lies between stations HIL and FMD close to the eastern edge of the Black Hills. Imperfect anti-symmetry in the 2 amplitude can be attributed either to insufficiently close station spacing or to the presence of a significant normal 2 field. An attempt was made to approximate the observed anomalies by induction in two-dimensional conductors in the crust by an uniform horizontal field. The method was that given by Madden & Swift (1969) as programmed by Wright (1969) . For period 50 min a conductor of resistivity 0.1 ohm-my 30 km wide, 3 km thick and 2 km deep, within a normal conductivity section (Cantwell 1960) , gave approximately the observed vertical field amplitude. The corresponding horizontal anomalous fields have to be found through an integral transformation of the vertical fields (Siebert & Kertz 1957) , as the computational technique of Madden and Swift in its present form gives highly erroneous horizontal fields over near-surface conductors. The model gave small phase differences (less than 10') for the periods considered, in agreement with the observations. However, the calculated field amplitudes changed very little with period, in contrast to the observed fields. Increase of resistivity made the anomalous field amplitudes more period-dependent, but the observed maximum in anomalous field amplitudes could not be obtained with any resistivity. Further, with resistivities over 0.2 ohm-m. phase differences between normal and anomalous fields exceeded 30" for the periods considered, in contradiction of the observations. It was thus found impossible to approximate the observed anomalous fields by a two-dimensional model. This is not surprising if the conductor joins large regions in which the induction occurs, so that the structure is three-dimensional. The frequency-dependence of the anomaly will then depend on that of the electromagnetic response of these large regions. Normalization of anomalous fields with respect to stations relatively near the anomaly will not, in these circumstances, provide independence from the source field amplitudes. The observed period-dependence of the current can be qualitatively explained in the following way. Suppose the conductor concentrates current induced over a large area of the upper crust such as the Great Plains Province. For short periods induction in the upper crust is efficient and little of the incident variation field penetrates to the upper mantle. At longer periods (over one hour) induction in the upper crust is less efficient and most of the field reaches the upper mantle and induces current there. Hence at longer periods the anomalous current falls and the normal horizontal field, which includes the fields of currents in the upper mantle, rises. Thus the anomalous field, expressed as a fraction of the normal field, falls as the period increases. If this effect alone operated one would expect a monotonic increase of the normalized anomalous field with decrease of period. However, the source field of magnetic disturbances falls rapidly for periods less than 10 min. The combined operation of the source-field spectrum effect and the induction-division effect produces a maximum in the normalized anomalous field which, by observation, is close to 50 min for the North American Central Plains anomaly.
In general the conductivity distribution in the region of induction will determine the period of the maximum normalized anomalous fields. The depth to the conductive upper mantle is of special importance. For a conductor channelling currents induced in the oceans, where the conducting mantle is at shallower depths (Richards 1970) , the maximum will be at shorter periods than for a conductor concentrating currents induced in the continental upper crust.
Northern Rockies anomalies
Enhanced conductivities in the north-western United States and south-western Canada are evident in a westward attenuation of the normal vertical field west of the front range of the Northern Rockies, and in two zones of small anomalous fields at the front range and just west of the Rocky Mountain Trench. Inversions of the normal and anomalous fields proceed by the different methods discussed in Section 2; a successful model should produce both the anomalous fields near the anomalous zones, and the normal fields elsewhere. The lines of magnetometers just south of the Canada-U.S. border (Camfield et The normal Y and 2 fields must be estimated for use in layered conductivity models far from the anomalous zones. The anomalous residuals are then normalized in terms of the normal eastward horizontal component x, for application of twodimensional modelling techniques. For both methods of inversion, normal field components must, therefore, be estimated. In dealing with large, narrow anomalies like that in the North American Central Plains, small errors in the assumed re'gional normal field will not significantly affect the amplitudes of normalized anomalous fields. For small, broad anomalies like those related to the Northern Rockies, however, the amplitudes of normalized anomalous fields depend critically upon the assumed regional normal field. The short-wavelength content of the source field increases northward toward the auroral zone, and at the Northern Rockies the estimation of the normal fields sets the limit to the precision of interpretation. For the east-west horizontal field we have approximated the regional field, at each period, by a straight line, making Y a linear function of westward distance. The differing levels for 2 at the ends of the profile have been connected by a smooth curve. These estimated normal fields are indicated in Fig. 3 .
Normalized anomalous fields are shown in the right-hand diagrams of each set in Fig. 3 . Considerable differences are present between the normalized anomalous field amplitudes at period 47-6min, from the two magnetic disturbances. These differences reflect the uncertainties discussed in the last paragraph, in defining the normal and anomalous parts of the variation fields.
Conductive models for the normal fields
Ratios of normal vertical to normal horizontal fields, Z/J(X' + Y '), are listed in Table 1 . To match these observed ratios to plane-layered conductivity models, an estimate is required of the scale length A, or of the wave-number k = 2~12, of the inducing field in the region of the profile. An estimate of k is given by
where F is the horizontal field magnitude regarded as a scalar (Schmucker 1970) . The gradient can be obtained from contour maps of the horizontal components after smoothing out local anomalous fields. For the region of the profile 0-9 < k < 1.3 x lo-* cm-', corresponding to 5000 < A < 7000 km. The value k = 1 x lo-' cm-' has been adopted. With this value five of the six observed normal field ratios Z / J ( X 2 + Y ' ) can be fitted with the conducting upper mantle at smaller depth in the western region than in the east. The exception is the ratio from the amplitudes at period 25-3min in the western region. At this period the signal strength is low and the errors in estimation of the normal field may be expected to be rather large.
The conductivity models for western and eastern regions are given at the right of Table 1. In the eastern region an average sedimentary cover of 2 km of resistivity 5 ohm-m. is assumed, in accordance with the sedimentary resistivities found by Vozoff & Ellis (1966) A crustal resistivity model proposed by Caner et al. (1969) to fit magnetotelluric observations in south-western Canada (Table 1) is inconsistent with the normal field ratios observed in the present study.
Conductive models for the anomalous fields
The two-dimensional modelling technique of Madden & Swift (1969) as programmed by Wright (1969) was used to match ridges and steps on a conducting half-space (p = 5 ohm-m) to the normalized anomalous fields shown in Fig. 3 . All attempts failed to fit the anomalies with the surface of the conductor at depths 170km under the western region and 350km in the eastern region, values which would fit the analysis of normal field ratios. For models at these depths the model fields have half-widths considerably larger than those of the observed fields.
Allowing for the uncertainties in the derivation of the normalized anomalous fields, one can get a reasonable fit to the anomalous horizontal and vertical fields by bringing the top of the conducting half-space higher in the upper mantle, to the region of the seismic low-velocity zone. In the model shown in Fig. 4 the depth to the conducting mantle decreases from 120km under the Great Plains Province to 60 km under the Shuswap Complex, with conductive ridges under the front range of the Northern Rockies and just west of the Rocky Mountain Trench. A thin conductive sedimentary cover is assumed for the Great Plains Province. Induction in a structure like that in Fig. 4 differs only slightly from that in a layer of finite thickness but the same surface features, provided the thickness is everywhere greater than the skin depth (Porath & Gough 1971, Fig. 10 ). The range of periods in the substorm fields does not allow discrimination between the model of Fig. 4 and a finite layer with similar upper surface. 
Conductivity models
The model fitted to the normal-field ratios (Table 1) is not consistent with that fitted to the normalized anomalous fields (Fig. 4) . Solutions consistent with both sets of data can be found in two ways.
1. The fitting of conductive layers to the normal field ratio Z / J ( X 2 + Y2) is highly sensitive to the scale length of the inducing field. If the scale length is reduced to 3800 km (k = 1.7 x lo-' cm-'), a satisfactory fit of the normal field ratios can be obtained with depths in the eastern and western regions consistent with those fitted to the anomalous fields ( Table 2 ). The scale length is possible, though smaller than our best estimates, because of the presence of several anomalies on the contour maps (Camfield et al. 1971, Figs 6-11) . One possible solution is, therefore, given in Fig. 4 and Table 2 . 2. The anomalous fields could be ascribed not to local currents on the surface of the upper mantle, but to currents in the upper crust. Such currents would probably be of the current-concentration type rather than the local induction type. Direct induction in a two-dimensional conductor would not then be an appropriate model (Section 3). In that event the best model of the upper mantle conductor would be that given in Table 1 .
Present information does not allow selection of a preferred model between these two. Ambiguities of this type are probably unavoidable in geomagnetic deep sounding at high magnetic latitudes.
